In this issue of Cell, Hite and MacKinnon (2017) report the open conformation structure of Slo2.2, a neuronal Na + -activated K + channel. More importantly, 3D classification of electron cryomicroscopy (cryo-EM) images allows visualization of the structural transition that occurs as the open probability of individual channels increases with added sodium.
In this issue of Cell, Hite and MacKinnon (2017) report the open conformation structure of Slo2.2, a neuronal Na + -activated K + channel. More importantly, 3D classification of electron cryomicroscopy (cryo-EM) images allows visualization of the structural transition that occurs as the open probability of individual channels increases with added sodium.
It wasn't long ago that, except for ribosomes and icosahedral virus particles, single-particle electron cryomicroscopy (cryo-EM) was mostly limited to producing 3D maps of protein structure at worse than $10 Å resolution. At these resolutions, the technique was useful for determining how protein subunits of macromolecular assemblies fit together, but few structural features of individual proteins could be discerned. Resolving a helices requires around 7 Å resolution, while distinguishing b strands needs better than 5 Å resolution. The situation changed recently due to the introduction of a new type of electron microscope camera with a much higher detective quantum efficiency (DQE) than earlier detectors and the ability to record movies rather than integrated exposures. A higher DQE means that more signal is detected for the electrons that scatter from the specimen, and the positions where electrons strike the camera sensor are recorded with higher accuracy. Movie acquisition allows image analysis software to account for some of the beam-induced motion and radiation damage that occurs when frozen-hydrated specimens are exposed to the highly energetic electron beam of the microscope. While early cryo-EM work was limited to proteins more than a few hundred kDa in mass, the DQE of the new cameras has allowed smaller structures to be studied. As a result, there has been a deluge of structures at 3.0-4.5 Å resolution, not sufficient to see the orientations of small amino acid side chains but good enough for building reliable polypeptide backbone models and determining orientations of large side chains. One of these recent structures was the closed state of Slo2.2 (Hite et al., 2015) , a neuronal Na + -activated K + channel that is the subject of the paper being highlighted here. Cryo-EM seems poised to overtake X-ray crystallography as the go-to technique for determining the structures of macromolecules. However, cryo-EM can do more than just solve structures. The ability to computationally separate different states of a molecule allows for exploration of the different conformations of proteins that are trapped when cryo-EM specimens are frozen. Computationally separating the different species in the specimen is known as 3D classification. This technique has allowed for observation of numerous conformations of ribosomes (Fernandez et al., 2013) , rotational states of rotary enzymes (Zhao et al., 2015) , and detecting mobility for individual a helices thought to be important for enzyme mechanism (Bai et al., 2015) . Ligand-dependent channels are ideal candidates for this sort of analysis. For Slo2.2, Na + binding induces opening of the protein's K + -selective channel pore. Like most channels, and as revealed by electrophysiological measurements, Slo2.2 flickers between closed and opened states, with an increased probability of adopting the open state as the concentration of Na + increases ( Figure 1A) .
The paper in this issue of Cell by Hite and MacKinnon is remarkable for two reasons. First, the authors determine the structure of Slo2.2 at 3.8 Å resolution in an open conformation by incubating the protein with 300 mM Na + , and they compare this structure to the closed conformation of Slo2.2 that they determined earlier (Hite et al., 2015) . The open structure alone is important for understanding the function of this specific channel. However, even more exciting from a methodological point of view, the authors titrate the channel with an increasing concentration of Na + (a structural titration). They show with 3D classification that the population of particle images in 3D classes corresponding to closed channels decreases, and the population in classes corresponding to open channels increases, as the concentration of Na + is increased ( Figure 1B) . The change in population follows a sigmoidal curve, qualitatively similar to the curve showing the open probability of the channel as a function of Na + concentration. Interestingly,
while the maximum open conformation probability, as determined by single-particle cryo-EM, approaches 100%, the functional open probability from electrophysiology reaches a maximum of around 70%. This discrepancy, while possibly due to experimental factors, could suggest an additional channel gate not discerned structurally. The discrepancy also hints at the capabilities of combining cryo-EM and electrophysiological measurements to investigate phenomena that are invisible to either technique alone. The biggest caveat to this sort of analysis comes from differences between the environment of the specimen on a cryo-EM grid versus in the cell. For membrane proteins this problem is particularly acute, as the detergents, amphipols, and lipid nanodiscs used to keep membrane proteins soluble are not perfect mimics of their environment in a biological membrane. The cryo-EM grid, which supports an extremely thin film of aqueous buffer, also presents an environment that differs from bulk solution. On a 3-mm electron microscope grid that has ice $500 Å thick, the surface area is enormous (up to $7 3 10 À6 m 2 on each face of the grid) while the volume is miniscule ($3.5 3 10 À13 m 3 ). The process of blotting grids to achieve the correct ice thickness requires seconds (4 s in the current study), and during this time significant evaporation can occur because of the large surface area to volume ratio. Evaporation leads to concentrating of solutes in the sample, such as the Na + ions that trigger channel opening. The blotting chamber of a freezing device is often cooled to around 4 C to limit evaporation, introducing another difference between the state of the protein when prepared for cryo-EM and during most other experiments. The thin aqueous film environment before freezing is also unnatural due to the presence of nearby air-water interfaces. It has been estimated that even a multi-MDa ribosome complex will collide with the air-water interface around 1,000 times per second when in a 1,000 Å thick film of water (Taylor and Glaeser, 2008) . The presence of a nearby air-water interface is thought to be the reason why many proteins denature on cryo-EM grids. Its effect on the conformation of proteins has not been studied extensively.
How far can analysis of dynamic processes by cryo-EM go? The cooling rate for plunge-freezing grids in liquid ethane has been estimated at $10 6 C/sec, with vitrification occurring in $10 À4 sec (Dubochet et al., 1988) . Therefore, cryo-EM should be able to trap dynamic processes with at least millisecond time resolution. High-energy states that can relax faster than the cooling rate will not be trapped during sample preparation. Do the populations of 3D classes, which depend not just on the physics of freezing but also on image analysis algorithms, accurately reflect the populations that exist in solution? Comparison of 3D classification of cryo-EM images with population measurements by solution NMR spectroscopy suggests that, to a first approximation at least, they do (Huang et al., 2016) . Unsupervised classification schemes that minimize the risk of model bias could improve the utility of 3D classification further. In the future, freezing methods that do not rely on blotting could help to limit evaporation and reduce the number of interactions with the air-water interface (Razinkov et al., 2016) . It would be astoundingly shortsighted in the face of the rapid progress in cryo-EM to believe that the state of the art will stop here. New microscope hardware, specimen preparation methods, and algorithms will push the boundaries of minimum size and maximum resolution. In fact, an electron microscope equipped with a phase plate was used recently to determine the structure of haemoglobin, a 64-kDa protein, to 3.2 Å resolution (Khoshouei et al., 2016) . Consequently, cryo-EM will ultimately replace X-ray crystallography for many applications except with the smallest proteins and situations for which extremely high-throughput is needed. However, the study of dynamic processes in biology by cryo-EM, such as the opening and closing of ion channels, presents even more exciting possibilities.
